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The theoretical approaches to the description of backward elastic pd scattering at energies 0.5—2
GeV are reviewed. In addition to the mechanisms of neutron exchange and single pN

scattering, the role of N*-isobar exchange is studied using the six-quark model for the dNN*
vertex. Relativistic effects are taken into account within the Hamiltonian dynamics of

systems with a fixed number of particles. The important role of Glauber rescatterings in the
initial and final states in the neutron-transfer mechanism is displayed. Special attention is paid to
the mechanism of A-isobar excitation, which, despite the large momentum transfer, is

rather weakly sensitive to the high-momentum components of the deuteron wave function and
dominates at incident proton energies T,,=0.5—1 GeV. The reaction pp— pn 7t is

studied in the A-resonance region in order to determine the parameters of the amplitudes for
NN« NA transitions needed to calculate the A-isobar contribution to the process pd—dp. It is
shown that the amplitude of the A-resonance mechanism for the process pd—dp is very
sensitive to the parameters of the wNN, wNA, pNN, and pNA vertex form factors. The role of
more exotic mechanisms is briefly discussed. © 1998 American Institute of Physics.
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1. INTRODUCTION

in the
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Interest study, both theoretical’™>  and
experimental of backward elastic pd scattering at ener-
gies ~1-2 GeV has not abated in the last 30 years, mainly
because, owing to the large momentum transfer, this is one
of the simplest processes in which information about the
properties of the NN interaction in the nucleon overlap re-
gion can be extracted. In this process the deuteron makes use
of its ability to accept, as a single object, a large momentum
and energy transfer a hundred times greater than its binding
energy. The question of to what degree this property of the
deuteron may be related to the 6-quark and relativistic struc-
ture of its wave function is being investigated systematically
in theoretical studies. Information important for determining
the mechanism of backward elastic pd scattering, pd—dp,
can be obtained by measuring the corresponding complete
set of independent polarization observables in collinear kine-
matics. There are plans to do this at the JINR.?

The active study of backward elastic pd scattering over
the last few decades has led to a number of interesting ideas
in intermediate-energy physics such as the existence in nu-
clei of nucleon isobars! N* and three-baryon resonances,®
the important role of virtual pions,”* and the question of the
color dynamics in this process.'® However, the results of
these studies have not convincingly shown that the mecha-
nisms most sensitive to the high-momentum components of
the deuteron wave function, i.e., nucleon exchange (NE) and
single scattering (SS), play the principal role in the process
pd—dp at energies T,=0.5 GeV. The statements made in
the literature that the SS (Ref. 7) or NE (Ref. 11) mechanism
dominates are based on rather artificial assumptions about
the elastic form factor at large momentum transfers
Q=2 GeV/c or high-momentum components of the wave

1063-7796/98/29(6)/23/$15.00

function, respectively. On the contrary, when better-justified,
so-called realistic deuteron wave functions are used,
calculations* show that the NE mechanism is suppressed ow-
ing to distortions in the initial and final states, and so the
absolute value of the observed cross section in the energy
range ~0.5-2 GeV is clearly underestimated. Moreover, ad-
vances in polarization measurements'>?! have revealed a
sharp contradiction between the predictions of the NE
mechanism and the experimental data for the tensor polariza-
tion 5. The calculations of Ref. 9 performed using the fully
covariant Bethe—Salpeter formalism for the pole mechanism
of NE did not lead to improved agreement with experiment.
On the other hand, it became clear that at certain energies
there can be a large momentum transfer owing to mecha-
nisms which do not require the extensive involvement of the
high-momentum components of the nuclear wave function.
One such mechanism is double pN scattering with A-isobar
excitation in the process pd— dp, which dominates at initial
energies in the range 0.5-1.0 GeV. Using the A-resonance
mechanism, it is possible to obtain a qualitative explanation
of the observed absolute value of the cross section for
T,=0.5-1GeV (Refs. 12 and 13), and, according to Ref.
12, also of the tensor polarization #,y. For T,=1 GeV, the
excitation of heavier nucleon isobars N* might play a similar
role.

Nevertheless, at present it cannot be stated that the ques-
tion of the role and, even more so, of the absolute value of
the contribution of the NE mechanism to the process
pd—dp has been definitively answered. First, there is no
unambiguous, model-independent information about the
high-momentum components of the deuteron wave function
in the pn sector. Second, disagreement with experiment re-
garding t,, has been the result of all earlier calculations
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based on the NE mechanism (a) neglecting the initial- and
final-state interactions and (b) neglecting N*-isobar ex-
change, of which the most important for obtaining agreement
with experiment regarding ¢,, is expected to be the P-wave
contribution at the dNN* vertex. The important role of these
effects was recently pointed out in Ref. 24, according to
which the experimental data on both the differential cross
section and ¢, in the inclusive reaction d+A—p(0°)+X
(Ref. 25) can be described using the NE mechanism with
realistic deuteron wave functions if the contribution of N*
exchange and rescattering in the initial and final states is
taken into account. In view of the nontrivial correlation (see,
for example, Ref. 26) observed between the experimental
data on deuteron disintegration25 d+A—p(0°)+X, on the
one hand, and backward elastic pd scattering, on the other,
there are grounds for believing that a similar result might be
obtained regarding the role of neutron and N*-isobar ex-
change in the process pd—dp. Third, it should be stressed
that the conclusion® that distortions tend to play a suppres-
sive role in the process pd—dp was arrived at on the basis
of a rather formal method without any qualitative explana-
tion of the results obtained. This method has not been ap-
plied to backward proton scattering on more complex nuclei.
The role of rescatterings in the process pd—dp was later
studied’ using the eikonal approximation, but with a purely
nonrelativistic treatment of the NE mechanism, which sig-
nificantly decreases the its contribution. It has recently been
shown?’ that Glauber rescatterings play a very important role
in backward elastic p *He scattering within the mechanism
of np-pair exchange. It was shown that rescatterings lead to
significant (by a factor of ~30-40) suppression of the abso-
lute value of the cross section for p3He scattering at 6,
=180°. As a result, it was possible to obtain a satisfactory
description of the absolute value of the cross section in the
energy range 7,=0.9-1.7 GeV and, simultaneously, the
shape of the angular distribution, without any free param-
eters. Of course, it is interesting to apply this method to the
description of backward elastic pd scattering using the NE
mechanism, as done recently in Ref. 28. Along with neutron
exchange, there we studied N*-isobar exchange using the
same model for the dNN* vertex as in Ref. 24, and, in
addition, we included rescatterings in the initial and final
states using the method of Ref. 27. Significant improvements
in the application of the 6g model to the process pd—dp
were made in Ref. 29.

Here, in discussing the results obtained in recent years in
theoretical studies of the process pd—dp, we shall focus
equally on mechanisms sensitive to the high-momentum
components of the deuteron wave function and mechanisms
which hinder the extraction of this information, and also the
interference between them.

2. THE RELATIVISTIC DYNAMICS OF COMPOSITE
SYSTEMS

In processes involving bound systems {af}, where a and
B are two constituents of mass m, and mg and {aB} is their
bound state of mass M.z, With M(,5<m,+mg, relativ-
istic dynamics effects become important at constituent
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momentum comparable to the rest mass: |qu|~m,,
Iqﬁ| ~mg. This is completely obvious from the viewpoint of
the kinematical relation between the mass, momentum, and
total energy of a particle E=m2+qZ, but the deep origin of
these relativistic effects is dynamical, i.e., it is related to the
interaction at nonzero (or even arbitrarily small) values of
the binding energy e=m,+mg—M{,5 . At a binding en-
ergy comparable to the constituent rest mass, for example in
the amplitudes of the transitions d—A+A and d—N
+N*, relativistic effects must be included even at zero con-
stituent momentum q,~ 0. This fact is not well known in the
literature (see Ref. 30), but it is also related to the essentially
relativistic origin of the binding energy e=m,+mg
— Mo #0.

At present there is no unambiguous method of including
relativistic effects in calculations of processes involving
bound hadronic systems. Different approaches give different
results which agree only in the nonrelativistic limit. The
widely used (see Ref. 31 and references therein) relativistic
approach based on going to the infinite-momentum frame—
noncovariant light-cone dynamics—at intermediate energies
leads to explicit violation of rotational invariance, and so we
do not use it here. A more systematic approach is covariant
light-cone  dynamics, which has been developed
successfully>? for problems involving the electromagnetic in-
teraction of particles with the deuteron. This approach has
not been used in practice to describe hadron—deuteron inter-
action processes. Recently, considerable progress has been
made in developing methods for numerically solving the
Bethe—Salpeter equation in Minkowski space for one-boson
exchange NN potentials in the ladder approximation.**~33
However, the systematic use of the Bethe—Salpeter equation
is possible only in the relativistic two-body problem, and not
in three-body problems such as the inclusion of three-particle
N—A—N forces in the pd interaction. Therefore, to include
relativistic effects here we use the relativistic quantum me-
chanics (RQM) of systems with a fixed number of
particles,’® formulated on the basis of construction of the
complete set of Poincaré generators.

It is often assumed that the inclusion of relativistic ef-
fects necessarily leads to quantum field theory, i.e., the in-
clusion of an infinite number of degrees of freedom, and so it
is not possible to separate the contribution of relativistic ef-
fects from that of meson and quark degrees of freedom.
However, there are arguments that, at least in the (v/c)?
approximation, a model with a fixed number of particles is a
good approximation to few-nucleon systems.>’ An example
is quantum electrodynamics, which is a potential theory in
the (v/c)? approximation (Ref. 37). Moreover, convincing
evidence for the approximation of a fixed number of particles
is the fact that the phase shifts of NN scattering are elastic in
the lowest partial waves up to energies 1-1.5 GeV, i.e., con-
siderably higher than the 7-meson production threshold. In
RQM the equation for the eigenvalues and eigenfunctions of
the mass operator of a system of two bodies with equal
masses has the same form as the Schrodinger equation.*®
Therefore, despite the constraint of a fixed number of par-
ticles, which is an approximation, in this approach it be-
comes possible to make use of the rich phenomenological
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information on the NN potential obtained within the Schro-
dinger formulation in a completely self-consistent manner.

From the formal mathematical point of view, the main
problems with the relativistic description of composite (in-
teracting) systems arise from the more complicated structure
of the generators of the Poincaré group compared to the Gal-
ilean group. The problem of incorporating the interaction is
central to the RQM approach and is closely related to the
problem of separating the internal and global motion. In
RQM it has been shown that when the interaction is included
only in the mass operator, the internal motion can be sepa-
rated from the center-of-mass motion without violating the
commutation relations between the generators of the Poin-
caré group, i.e., while preserving the relativistic invariance.
The mass operator for a three-body system was first con-
structed in RQM in Ref. 36 on the basis of light-cone dy-
namics, and later in other forms of dynamics®® using the
method of Sokolov packing operators.*” This result has been
used to construct the scattering theory and to prove the rela-
tivistic invariance of the S matrix, which allows calculations
to be performed in any reference frame. It is simplest to
study the scattering problem in the c.m. frame, where it is
sufficient to follow only the internal motion.

Of the many (unitarily equivalent*') forms of relativistic
dynamics, i.e., methods of splitting the 10 Poincaré genera-
tors into Hamiltonian and kinematical operators,* the most
natural from the viewpoint of the experience gained from the
nonrelativistic description is the instantaneous form of the
dynamics. Each form of the dynamics corresponds to a par-
ticular hypersurface in Minkowski space on which the state
vector is specified and which is invariant under the action of
the kinematical generators, but noninvariant under the action
of the Hamiltonian ones. In instantaneous dynamics the state
is specified on the hypersurface f=const in Minkowski
space, and the kinematical generators are the generators of
spatial translations P and rotations J, while the generators of
Lorentz boosts N and time translations H contain the inter-
action. The wave function of the bound state of two particles
{ap} is the projection of the state vector of this system on
states of the free particles « and B with on-shell 3-momenta
P, and pg, ie., p§=mi and pf,=mf;, and P{Zaﬂ}=M%am,
where m; is the mass of the ith particle and p; is its
4-momentum. The wave function of a moving two-particle
bound system with total momentum P,z in instantaneous
dynamics has the form

(PaPplPiagy ¥ (ap)) = (27) 2 VE o) (Eo+E g) )
X(PatPp—Pap)¥Yiap(Qap). (1)

Here E,= \/p2+m2a, Epg= \/pﬁ2+mﬂ2, and  E.p
= \/P{Za atM {za gy This wave function is an eigenfunction of
the operators for the total 4-momentum (f’zE ,f’), the
squared total angular momentum J2, and its projection J e
The internal wave function W(,5(q,p) in (1) is an eigen-
function of the squared mass operator M2, the squared an-
gular momentum, and its projection. The separation of the
variables describing the ¢.m. motion P,z and the internal
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motion g, in (1) follows immediately from the structure of
the generators of the Poincaré group, where the relative mo-
mentum ¢, has the form

=(3;;+Ep)Pa_ (eoTE,)Pg
Vb= X E teptEy

with g ,= \/qzap+ma and eg= \/qzaﬁ+mﬁ. The correspond-
ing variables in the point and light-cone forms of the dynam-
ics also separate. However, it is important to bear in mind the
fact that the variable separation is not covariant. According
to Ref. 36, in calculating the transition matrix elements for
the collision of a free particle y with a bound state {ag}, the
internal wave function of the bound state can be represented
as (1) with the argument (2) only in the y+{«8} c.m. frame
(the corresponding transition operators have also been
constructed’® in this inertial reference frame). In going to any
other inertial frame, the equation of the hypersurface
(t=const) on which the state is specified changes form, and
so the form of the dynamics in which the same physical state
is described also changes. In particular, in going to a differ-
ent reference frame, the 3-momentum conservation at the
vertex {aB}— a+ B expressed by the & function in (1) is
violated.

In the covariant approach of Karmanov,*? the wave func-
tion of the system is constructed such that the form of the
dynamics appears explicitly [here we mean the various ori-
entations of the plane wx= wyct— wx=0, where w>*=0 and
w=(wg,0)]: ¥(n,q), where the unit vector n=w/|w)| in-
dexes the form of the dynamics. The dependence on n is
dynamical, i.e., it is determined by the form of the interac-
tion and can be found only by solving the corresponding
dynamical equations. The presence of an additional vector
argument in the wave function increases the number of its
components: instead of the two components in the nonrela-
tivistic case, in the covariant approach®? there are 6 compo-
nents, while in the Bethe—Salpeter formalism there are 8.
From the viewpoint of the Bethe—Salpeter formalism, the
extra components are associated with the contribution of NN
states in the deuteron. The covariant approach is more attrac-
tive aesthetically, but when it is actually used the nontrivial
problem arises of eliminating the unphysical dependence of
the observables on the vector n, which is in fact a conse-
quence of the approximate nature of the calculations. This
dependence must vanish in a natural way in the complete
calculation. At present, this problem has been solved suc-
cessfully only for elastic ed scattering® and near-threshold
deuteron disintegration* d(e,e')pn.

The covariant and noncovariant approaches can be com-
pared for the example of calculating the electromagnetic
form factor of the deuteron. The free-current approximation
is usually used in calculations of the electromagnetic form
factor of a bound system. In this approximation the electro-
magnetic current operator of the bound system, being a
4-vector, does not have the correct transformation properties
under the operators of the Poincaré group. Both in the cova-
riant approach®® and in the noncovariant approach the result
is certainly approximate. For example, the covariant ap-
proach in the impulse approximation gives 8 extra (unphysi-

2
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cal) form factors coupled to the additional tensor structure of
the transition amplitude due to the 4-vector w. The covariant
formulation allows the interesting possibility of going be-
yond the impulse approximation without any additional cal-
culations. In particular, the physical requirement of the inde-
pendence of observables from the orientation of the
hypersurface of the states (i.c., the vector w), can be used to
discard the unphysical form factors by hand and thereby ef-
fectively include graphs more complicated than the triangle
graph.l) In the noncovariant approach the result obtained in
the impulse approximation for the current (usually light-cone
dynamics with current component J*) explicitly does not
satisfy rotational invariance, and from the viewpoint of the
covariant approach it contains the contribution of unphysical
form factors. However, it should be stressed that if a method
is found for constructing the correct electromagnetic current
operator of an interacting system (one version of the solution
gives the impulse approximation in point dynamics*®), then
to obtain the exact (i.e., relativistically invariant) result in the
noncovariant approach for physical observables within the
approximation of a fixed number of particles, it is sufficient
in principle to choose only a single particular form of the
dynamics and a single inertial reference frame.

To conclude this brief aside about the problem of rela-
tivistic composite systems, we stress that all the relativistic
approaches, except for RQM (Refs. 36-38, and 45), deal
only with a two-particle relativistic bound state, whereas in
the case of pd collisions it is actually necessary to solve the
relativistic three-body problem. This is one of the main ar-
guments in favor of using the RQM approach. Moreover,

approaches which include the contribution of NN compo-
nents in the deuteron wave function are not yet developed
enough to describe the experimental data on the NN phase
shifts, i.e., to make the properties of the bound state consis-
tent with those of the scattering states. In some studies (see,
for example, Ref. 46), the extra components are written
down purely phenomenologically from considerations of
relativistic covariance without discussing the problem of
constructing the relativistic NN potential and solving the cor-
responding equations for the wave function. Meanwhile, in
RQM the properties of the bound states are consistent with
those of the scattering states at the dynamical level.

3. THE SPIN STRUCTURE OF THE AMPLITUDE FOR
THE PROCESS 3+1—3+1

Here we give the formalism based on expansion of the
reaction matrix element in invariant amplitudes. Owing to its
universality, this formalism is a very efficient method of cal-
culating both the spin-averaged differential cross sections
and the polarization characteristics.

The matrix element of the process 3+1—2+1 can be
written as

(N'u' \'d'|TINu,Nd)= (p;,e;,)")*eg‘)TBa(k,k',o')qo'u ,
(€)
where ¢,,(¢,,/) is the Pauli spinor of the initial (final) proton

in the state with spin projection u (u'), eg‘)(eg")) is the
polarization vector of the initial d (final d’) deuteron in the
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state with spin projection X (\"), and B, @=x,y,z. Owing to
rotational invariance, the operator Tga=Tgo(k,k',0) is a
rank-2 tensor. This operator can be written as the tensor
product of two vectors Tyg(k,k',0) and T,(k,k’,0), each of
which in turn can be written as an expansion:

T=A(k.k',o)n+B(k k', o)1+ C(k,k',0)m. 4

Here k(k') is the relative momentum in the initial (final)
state of the process, & are the Pauli matrices, and

n=[kXk')/|[kxk']|, m=(k—k')/|k—k’'|,
I=(k+k)'/|[k+k'|.
As a result, we have
Taﬁ(k,k',a)=A11nanﬂ+A12nalB+A13namB+A211anﬂ
FApllpgtAylampgtAym,ng
+Apmolgt+Asm,mg, (5)
where A;; are scalars in Ry :
A

ij=ajjtb;no+c;lo+d;mo, ©)

and a;j, b, ¢ij, and d;; are scalar functions of k and k’.
The 36 complex numbers in (5) correspond to the 2X3X 2
X 3 =36 spin amplitudes of this process. The P invariance of
the matrix element (3) reduces to invariance of the tensor

contraction eg‘)ef,)‘ )Tﬁa under the operation r— —r, which
leads to the relation

Taﬁ(—k,_k’so-)=Taﬂ(k9klsa)- (7)

Taking into account the properties of the vectors k, k’, and
o under coordinate inversion, from (5)—(7) we find

Top(kK',0)=(a; +b o) nngt+(cplo
+dymo)nlgt(cpslo+ dismo)nmg
+ (c2110'+d21ma)lanﬂ+(a22
+bypna)l,lgt(ay;
+byno)l mg(cylo+ dyma)m,ng
+(ayntbypno)m,lgt(ay
+byno)mmg. (8)

In the case of elastic scattering (d=d’, N=N'), T invari-
ance imposes additional constraints on the number of inde-
pendent invariant amplitudes. The expressions for this case
have been obtained in Ref. 8. We shall give these expres-
sions here for completeness. Under time reversal t— —t we
have

k—-k', k'——k, n>—n, l-—1, m—m, o——o,

where the initial and final states change places. Therefore,
the invariance of the elastic scattering amplitude under time
reversal reduces to the expression

Tpo kK ,0)=Ty5(—k',—k,—0). 9

It follows from (9) that additional constraints are imposed on
the expansion coefficients in (8):
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cp=cy, dp=—dy,

diy=ds,

C13= ~C315

byp=—bs3. (10)

Therefore, the six additional relations (10) in the case of
elastic scattering of the type 3+ 1— 3+ 1 imply that of the 18
amplitudes in (8), only the 12 invariant amplitudes are inde-
pendent. Let us choose the coordinate system such that
0Z11l, OY11n, and OX]1m. Here n,=l,=m,=1 (the
other components of the axes are zero), and then from (8)
using (10) we find

Txx:M1+M20y’

4= —4asz,

T,y=Mq0,+Msgo,,
Ty, =My+ M0,
Tyy=—Myo,+Mgo,, T,,=M3tMy0,,

Ty, =M 0,+My0,

T.,=—My—M0,, T,=—Myo,+Myo,
Ty=Ms+Mgo,. (11

All observables can easily be expressed in terms of the
invariant amplitudes M, ... ,M . The cross section for the
process with unpolarized particles has the form

do 1 1

a0 35 (12)
where s=(pp+pd)2 and
i=6 i=12

B=2, M |*+2 2, IMi|*. (13)
i=1 i=17

The polarization of the secondary proton (g;) and the tensor
and vector polarizations of the final deuteron P; and P;; are
given by
1
(o= ) Sp(pPa), Pi=Sp(p?S), P;;=Sp(p’Sy),
(149

where p? and p? are the polarization density matrices of the
final proton and deuteron, S is the deuteron spin vector, and
S:;j=(S;S;+5;8;)—38;;. In the case of unpolarized initial
particles, the quantities (o), P;, and P;; can be expressed in
terms of the invariant amplitudes of the process pd—dp as

(o)=(a,)=0,

(0,)=B "2Re(MFM,+MIM,+ MEMg+2MFM ),

P,=P,=P,=P,=0,

P,=2B"' Im[M¥(M,+Ms)+M¥(M,+Mg)
+M M+ MM;g],

Po=1-3B7 (M |*+|M,|>+|M;|>+|Mg|*+|M,|?
+| M%),

P, =V2ty=1-3B7(|M;|>+|Mg|*+|M|>+|M |
+| M2+ M o)),

w="Pxx= Py
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sz:_3B_l Re[M;k(Ml_Ms)‘*MTo(Mz—MG)
+M¥EMg— MIM 5]. (15)

Expressions for the complete set of independent spin ob-
servables in the case of polarized initial and final particles in
a process of the type 5+ 1— 3+ 1 restricted to collinear ki-
nematics have been obtained in Refs. 22 and 47. The polar-
ization observables in the collinear kinematics of the process
d+p—p+d have also been studied in Ref. 14. Numerical
calculations of the transfer coefficients of the vector and ten-
sor polarization based on the mechanism of relativistic one-
nucleon exchange for the process d+p—p+d were per-
formed in Ref. 48. A phenomenological spin structure of the
amplitude different from that of Ref. 8 was used in Refs. 14,
22, and 47. Let us compare the phenomenology of (11) in the
case of collinear kinematics with the corresponding expres-
sions from Ref. 14. In the latter study the following P- and
T-invariant expression was used for the pd—dp amplitude
with KIOZ and k'lOZ:

eF(2)F apeo(1)=gi[e1€ —(me,)(me3)] + go(me;)
X(mef)]+igs{ole, X ef]—(om)
X(m-[e;xXef])}+ig4(om)(m-[e,
xe3]), (16)

where g, —g, are scalar functions. The last 8 terms in (16)
associated with the vectors 1 and n are absent in the case of
collinear kinematics (I=n=0). From (16) we easily find

Fop=810apt (82— 81 )mamgtigs0i€,p+i(g4
—83)0'imimj€aﬂapa; (17)

where €,p; is the completely antisymmetric tensor, €;3= 1.
Comparing (17) and (11), we obtain

M,=M;=g,, M;=ig,,

Myy=—ig;, M =igy, Ms=g,. (18)

Direct calculations using the neutron exchange mechanism
confirm the validity of (18).

4. ANALYSIS OF THE REACTION pp—pn=z* AT 800
MEV

4.1. The A-resonance region of the process pd—dp

Backward elastic pd scattering in the energy range 0.4—
0.8 GeV has a clearly expressed structure.* This structure,
observed near the A-isobar production threshold, has been
studied®*>? on the basis of the triangle mechanism with the
virtual subprocess p+d—d+w* (Fig. 1a), the cross section
for which has a resonance maximum at ~0.6 GeV. In spite
of the good description of the angular and energy depen-
dence of the cross section, the triangle mechanism is essen-
tially a phenomenological approach to T violation. A more
systematic theoretical scheme in which the pd—dp ampli-
tude is expressed directly in terms of the elementary
N+N—N+A amplitudes has been developed.®*'”* It was
shown that an important role is played by the interference
between the A-resonance mechanism (A), corresponding to
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T
N He
e f g —

FIG. 1. Mechanisms of backward elastic pd scattering: (a) triangle graph of
OPE, (b) one-nucleon exchange (ONE), (c) single pN scattering (SS), (d)
the A mechanism, () the three-baryon resonance (TBR) mechanism, (f)
N*-isobar exchange, (g) coupling of the process pd—dp to the channel
pd—>Heq.

Fig. 1d, and the neutron-exchange mechanism (NE) (Fig.
1b), which, according to the results of Ref. 8, strongly de-
forms the quasiresonance maximum. Using the triangle
mechanism, it is impossible to include the interference with
the neutron-exchange mechanism, because the relative phase
shift of the process pp—d#m™" is not known. The main con-
clusion of those studies®’!? was that the sum of three
mechanisms—the A-resonance mechanism, NE in relativistic
dynamics, and single pN scattering (SS) (Fig. 1c) taking into
account the deuteron S and D waves—does not reproduce
the characteristic shoulder in backward pd scattering in the
range 0.4-0.6 GeV. The complete set of data was success-
fully described by introducing the contribution of three-
baryon resonances (Fig. 1d). Several such resonances with
mass 3.0-3.4 GeV, which in pd scattering corresponds to
incident proton energy in the lab frame T,~03-1.0 GeV,
were predicted by the model of elongated rotating bags with
hidden color.>® Another possible reason for this disagreement
might be the contribution of nucleon-isobar exchange (Fig.
le), the maximum contribution of which in the P wave is
predicted to be at ~0.5 GeV. Finally, there is yet another
possible source of disagreement: the quasibound state in the
n—>He system, indications of whose existence were found
in Refs. 54 and 55 in analyzing the reaction pd—>He. This
state can contribute to backward elastic pd scattering at en-
ergies T,~1GeV (Fig. 1f). Therefore, the question of the
mechanism of backward pd scattering in the vicinity of the
A resonance is of particular interest.

However, the reliability of conclusions about the contri-
bution of exotic mechanisms is completely determined by
how accurately the contribution of other, more obvious,
mechanisms, primarily, double pN scattering with A-isobar
excitation, is calculated. According to the results of Refs. 8
and 56, this mechism is relatively unimportant. However, in
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Ref. 12 it was found that the A mechanism dominates and, in
conjunction with one-nucleon exchange, satisfactorily de-
scribes the data on the process pd—dp. One reason for the
disagreement between the results of Refs. 8 and 12 might be
the difference in the parametrizations of the NN—NA am-
plitude.

The question of the parameters of the NN—NA ampli-
tude, which is complicated in itself, becomes especially
acute in this case, because the fourth power of this amplitude
enters into the pd—dp cross section. In both of the ap-
proaches under discussion, nonrelativistic parametrizations
were used for the NN—NA amplitudes, and so the result of
the calculation may change in going from one reference
frame to another. However, the authors of those studies®'2
did not verify the phenomenological expressions using other
data containing information about the NN—NA amplitude
in exactly the same region of kinematical variables as in the
process pd—dp. This problem has been studied®’ by ana-
lyzing the reaction pp—pnwt. As a result, it was
concluded®’ that both parametrizations need to be improved,
and a better parametrization of the NN— NA amplitude was
found.

A theory of coupled NN— wNN channels has been
developed®®®! for the combined description of the processes
wd—NN, wd—wd, wd— 7NN, NN— 7NN, and NN
— NN in a wide range of energies including the A resonance.
The NN+ NA amplitude calculated in this theory by solving
the corresponding system of coupled-channel equations will
provide the most accurate answer to this interesting question.
The greatest progress in this area was made in Refs. 58—60,
where the Hamiltonian of the unitary approach was used to
simultaneously describe the NN—NN and NN— 7NN pro-
cesses with a single free parameter (the mass cutoff in the
meson—baryon form factors A=A ), which was found to
be 0.65 GeV. Nevertheless, the agreement between the
theory and the experimental data on the reaction pp—pnr
at 7=0.8 GeV in Ref. 60 is only qualitative. In particular,
the polarization characteristics are not reproduced. There-
fore, to describe the pd— dp reaction it appears justified to
use the simple phenomenological NN—NA amplitude with
the spin structure of one-meson 7 and p exchange, instead of
the approach of Refs. 58—60. The parameters of this ampli-
tude can be fixed using the kinematically complete data on
the pp—pnm* reaction at 0.8 GeV (Refs. 62 and 63). This
reaction is suitable because in the model of one-meson 7r and
p exchange for the pp—pnat amplitude, the values of the
squared 4-momenta of the virtual mesons and the A isobar
are very close to the cormesponding values of the
A-resonance amplitude of the process pd—dp. Moreover,
the earlier analysis of this reaction using a more fundamental
approach® allows the accuracy of the approximation to be
controlled.

In calculating the A-resonance amplitude of the reaction
pd—dp, the amplitude of the process NN—NA is taken
outside the integral over the relative momentum of the nucle-
ons in the deuteron g ,, at the point g,,=0 (Ref. 56). There-
fore, the NN~ NA amplitude enters into the final result for
small virtual momenta of the nucleons in the deuteron
[(p,zv—m,zv)/2m ~~—¢&, where g is the deuteron binding
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energy and py and my are the nucleon 4-momentum and
mass]. The invariant mass of the A isobar u, lies in the
range upa=1.15—1.25 GeV for incident proton energies in
the range 7),=0.5-0.8 GeV. It is important to note that in
this approximation (i.e., when the NN~ NA amplitude is
taken out of the integral at the point ¢,,=0), in scattering at
0..n.=180° the A isobar is at rest in the p+d c.m. frame at
any initial energy. Therefore, the NN— NA amplitude in the
A rest frame enters into the amplitude of the process pd
—dp calculated in the c.m. frame of the proton and deu-
teron, and so the static approximation can be used.

The results of the analysis of the reaction pp—pnat
obtained earlier using the one-meson exchange model cannot
be used directly to construct the NN—NA amplitude for the
process pd—dp. For example, straightforward calculations
show that in the nonrelativistic approach®? the result depends
on the choice of reference frame and, despite the fact that
Galilean corrections are included, the reaction cross section
is not reproduced if the reaction amplitude is calculated in
the A-isobar rest frame. On the other hand, a Lorentz-
invariant analysis®* including the complete set of parameters
of both the inclusive and the exclusive data at initial energies
~0.8 GeV does not give a good description of the reaction
pp—pnw’. Several years after the publication of Ref. 57,
new parametrizations appeared for the NN—NA amplitude
based on both the noncovariant formalism of w+p
exchange® and the fully covariant model of one-boson
exchangs:.66 The parametrization obtained in Ref. 65 is very
close in form to that of Ref. 57. The only difference is in the
numerical values of the cutoff parameters in the form factors,
which is apparently related to the presence of the additional
Landau—Migdal term in the structure of the amplitude. To
systematically apply the covariant formalism® to the
pd—dp process with the A-resonance mechanism, it is nec-
essary to have a fully covariant formulation of the amplitude
of this mechanism, which at present is not available in the
literature.

4.2. The NN— NA amplitude

In Ref. 57 the reaction pp—pnw* was described by
including the contribution of the four graphs shown in Fig. 2,
the amplitudes of which were calculated in the A-isobar rest
frame. The static approximation p,=0 for the Rarita—
Schwinger spinor ¥, describing the A isobar was used, as
well as the relativistic form of the 7NN and pNN vertices.
The contribution of other such graphs containing N and N*
instead of the A isobar is <1% in this kinematical region®
and so is neglected. In this region the relative energy of the
nucleons is =15 MeV, and so the np final-state interaction
does not dominate.*® As shown in Ref. 60, the interaction in
the initial (NVN) and final (NA) states of the process
NN—NA decreases the cross section for the reaction
pp—pnw* by no more than 30% compared to one-meson
- and p-exchange in the plane-wave approximation, and
does not change the shape of the distribution. The effect of
the initial- and final-state interactions is obviously masked in
the parameters of the form factors. Using the phenomeno-
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FIG. 2. Mechanism for the reaction pp— pna? in the A-resonance produc-
tion region.

logical interaction Lagrangians Lyy, Loy, Lnna, and
L,na given in Ref. 64, for the meson—baryon vertices we
have

<7TN2|N1>=(waN/mﬂ)(PT(UQ)(Tq)W)¢22mN’ (19)

(PN2|N1>=(prN/mp)<P;L([0'Q]Gp)( T(I)p)<P22mN > (20)

(mN|AY=Foya/m ) (WE QL) (TR, o\ 2my2my, (21)

<pN|A>=(f,,~A/mp)([wzo;,]e,,)(ch,,yp\/—szzm?, )
22

where

f1TNN= 1.00, f‘lTNAz 2.15, prN= 6.20, prAz 13.33.

Here ¢ is the Pauli spinor of the nucleon, W, is the static
vector spinor of the A isobar, @, and ®, are the isovector
wave functions of the 7 and p mesons, €, is the p-meson
polarization vector, 7 is the Pauli isospin matrix, and the
isospin operator T is defined in Ref. 62.

The momentum Q in (19) and (20) has the form

{E2+mN 172 172

E +my 23)
E,+my P2

E2+mN

Pi

E;=/p}+m3 is the total nucleon energy. In Egs. (19)—(22),
Q;T(Q",) is the virtual 77 (p) momentum in the A-isobar rest
frame, i.e., the relative momentum in the w(p)+N frame.
On the mass shell, the relativistic relative momentum Q;, in
the 7+ N frame has the form

; (E+8N)ii7r— (E~1T+81r)isN
Q1r= ’

— — (24
EN+ 8N+E‘n'+871

where g; is the energy of the ith particle in the w+N c.m.
frame, and E; and P, are its energy and momentum in an
arbitrary inertial frame. For the momenta of the virtual 7 and
p mesons Q;, and Q, we use equations analogous to (24),
with the replacement m2— g% and mf,——»qf, in the expres-
sions for the total energy. For the A propagator we use the
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nonrelativistic expression with mass mp—mp—il’/2, in
which the total width I" includes the off-shell nature of the A
isobar:

k)3 K242
) RTX (25)

-1

Here I'y=120 MeV, x=180 MeV/c, ki and k are the
m-meson momenta at the resonance and away from it, re-
spectively,

K=qo=[ui— (my—=mn) " pg — (my+m ) Y/ ap’m,
(26)
and w3 is the squared 4-momentum of the A isobar. At the
vertex of off-shell decay of the A isobar into a real 7 meson

and nucleon we use not the constants f, ya/m,, but rather
the form factor

G(K®)=(f ya /m ) Z(K?), @7
where
Z(K)=[(kp+ x>/ (K2+ xH ]2 (28)

Equations (25) and (27) were motivated by the analysis of
the d33 phase shifts of elastic 7p scattering. At the A-isobar
production vertices mp—A and pp—A, and also at the
77NN and pNN vertices, the corresponding constants are
multiplied by form factors taking into account the off-shell
nature of the mesons:

Fon(@)=F mya(@®)=F () = (A% —m2)/(A%~¢?),
Fown(@)=F ua(4)=F () =(A2=mD)/(A2~¢?), (29)

where g2 is the squared meson 4-momentum. The cutoff
parameters A, and A, are determined so as to best describe
the experimental data. Let us give the expression for the
NN— NA amplitude, for example, entering into the graph of
Fig. 2a:

ATO(NNSNA)= (Y] )

X(‘Pn o-k(p2) k(Qa ’Qq-ra’Qpa) (30)
where
Ti(Q.Q,.Q) =| 010 Lo avs | (g2) =
prprNA

+(meQm ik kaQ)

m,

1
XF,(q?) qz__m‘i] V2ma(2my)>.

p
@y

The main difference between (30) and (31) and the analo-
gous expressions in Refs. 8 and 12 is that different momenta
Q+# Q' enter into the 7w(p)NN and mw(p)NA vertices, while
in Refs. 8 and 12 these momenta are the same. The other
differences are related to the choice of parameters of the
form factors.
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4.3. The amplitude of the process pp—pnn*

Knowing the pn—nA** amplitude and the wNA ver-
tex, we can write down the amplitude of the process pp
—pnw*. The amplitude corresponding to the graph in Fig.
2a has the form

1
(WZ"P|A3|P1P2)=‘/2R(,U«A)k1[¢’p( O~ 3 O'I(Ti) <P1}

X ( ¢: a-quZ)%k(Qa ’Q;-ra ’Q;’)a) ) (32)

where

Fana N2mp2m \Z(K?*)

m, pa—mpa+il'(k)/2°

R(pa)= (33)

The total amplitude of the process pp— pnar* obtained in-
cluding the four graphs of Figs. 2a—2d can be written as

N
el O~ 3 919 ¢

X (@ 0%02) Dit(Qa,Qlrs . Ql)

A(pp—pnmt)=vIR(pp)k,

1
—‘/ZR(/LA)kI[ ‘Pp( Ou— 3 0'1<Ti) <P2}
X(0n 01010 Di(Qy» Qi - Qpy)
Vi I
-3 R(EA) k)| @n| 00— 3 010 ¢
X(0, 04902) T(Q. . Qrrc . Q)

Vi1
+TR(,U'A)kI P 5:'1‘5‘0'10':' )

X(¢, 0101 Zi(QuQrra > Qpa)- (34)

Here i, is the squared 4-momentum of the virtual A* isobar
and k is the comresponding relative momentum at the
A* —n+at vertex. The tilde on the momenta Q and Q’
refers to graphs containing the A* isobar, while momenta
without the tilde pertain to the corresponding graph contain-
ing the A*™ isobar in the intermediate state. The subscripts
a, b, ¢, and d on the 3-momenta refer to the corresponding
graphs in Fig. 2, and v2 and —v?2/3 are isotopic factors.

4.4. Results for the calculated cross section of the
reaction pp—pnn*

In Fig. 3 we show the results for the cross section
d°1dQ . dQ ,dp, for the reaction pp—pnart calculated as a
function of the secondary proton momentum p,,. The upper
scales show u, , the invariant mass of the A** isobar in the
pp—pnw" reaction and pd scattering at ©_,, =180°, and
g* and a? are the squared 4-momenta of the virtual 7 me-
sons in the dominant graphs for the pp— pn7™ reaction and
pd scattering at @ =180°, respectively. The dependence
of the squared 4-momentum of the virtual meson g2 on
14 [2=q*(ua)] in the reaction pp—pna* (for the domi-
nant graph) corresponds most closely to the analogous de-
pendence a’=a%(u,) in pd scattering at @, = 180° at the
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FIG. 3. Differential cross section of the reaction pp—pnw* at 6,=15°,
0,=20.8° as a function of the secondary proton momentum. The curves
show the calculated results: (1) calculation of Ref. 57 with
A,=0.53 GeV/c, A,=0.7 GeV/c; (2) parametrization of Eq. (9) from Ref.
8 for A,=1GeV/c, A,,=1.167 GeV/c, A,,=2.449 GeVic; (3) param-
etrization of Ref. 12 for A ,=0.53 GeV/c neglecting the p-meson contribu-
tion. The points @ are the experimental data from Ref. 62. See the text for
explanation.

emission angles ©,=15° and ©,=20.8° taken from
experiment.‘s2 This agreement worsens with increasing angle
between the proton and 7+. The calculations show that the
A** contribution dominates. The contribution of graphs
containing the A" isobar is suppressed by both the isotopic
factor of %, and the stronger off-shell nature of the virtual
mesons. There is no interference between graphs a, d and b,
c. However, graphs a, ¢ and b, d do interfere owing to the
intermediate states containing At and A isobars. In Fig. 3
the arrows indicate the points at which the A** and A* go
off-shell: pp=jia= 1232 MeV. The shift of the experimen-
tally observed maximum to the right of the point
pa++=1232 MeV is due to the k dependence of the width
I'(k) according to (25). Assuming, in accordance with Ref.
67, that the p-exchange contribution is small, and taking
A,=0.7 GeV/c, for A, we find 0.53 GeV/c, which gives
the best agreement with experiment. Interestingly, this value
is consistent with the prediction obtained in the Skyrme
model®  (A,=0.528 GeV/c). The similar value
A ,=0.63 GeV/c (for A,=0.7 GeV/c) has been obtained®
by analyzing the inclusive data on the reaction NN—NA at
energies of a few GeV. Substituting the values A=A,

Yu. N. Uzikov 591

=0.65 GeV/c, as in Ref. 60, we find that the cross section
for the pp—pnm™* reaction is increased by ~30%.

For comparison, in Fig. 3 we give the curves obtained
using the parameters for the NN—NA amplitudes from
Refs. 8 and 12. These calculations show that both parametri-
zations overestimate the contribution of the A isobar. Upon
rescaling to the cross section for backward pd scattering, the
overestimate where the A-resonance mechanism contributes
maximally is ~ 1.5 in Ref. 8 and ~2 in Ref. 12. The param-
etrization of Ref. 8 shifts the maximum of the cross section
to larger u, by approximately 20 MeV, which is a conse-
quence of the assumption I'(k) =I"y made in Ref. 8. In ad-
dition, the approximation g,,=0 mentioned above also
overestimates the contribution of the A-resonance mecha-
nism to backward pd scattering. It can therefore be con-
cluded that the pure contribution of this mechanism to the
pd—dp process is overestimated in both Ref. 8 and Ref. 12.
It is natural to expect that after appropriate improvement of
the parameters of the NN—NA amplitude, the contribution
of other mechanisms for the process pd—dp different from
the A-resonance one will be more important. However, we
shall see in the following section that this guess is not con-
firmed owing to interference effects.

5. THE NE+A+SS MODEL OF THE PROCESS
pd—dp

The NE+A+SS model of the process pd— dp was pro-
posed in Ref. 8, and then modified with respect to the
A-resonance mechanism in Ref. 13. In Refs. 70 and 71 it was
generalized to describe the processes p+ (pn),—d+p and
p+d—N+(NN),, where (NN), , is the NN pair in the trip-
let (t) or singlet (s) state.

5.1. Neutron exchange

Neglecting the effect of relativistic spin rotations, as in
Ref. 8, for the amplitude of the process pd—dp in the case
of the NE mechanism we have

' 1
T(NE)=H€(;\‘1)*€);’1¢:[ O'au(q)— 5 [O-a
P

(qo)
-39, .l

1
W(q)][oyu(q’%v—?{ay

) w(q')] b, (35)

T

where u(q) and w(q) are the S and D components of the
deuteron wave function in momentum space, normalized by
the condition

“ 2 2 d3q —
| @ v e, (36)

q and q’ are the Lorentz-invariant relative momenta at the
(np)—n+p and n+ p—d vertices, defined according to the
rules of relativistic quantum mechanics by (2),
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’

E
O=-(s—E,~E,—E,) —2 &(q), (37

E;=+m;+p; and p; are the energy and momentum of the
ith partlcle in_the p+d c.m. frame, p,=p,— p,;. and

&(q)=1V(E, +E,)’—pj.

5.2. Double pN scattering with A-isobar excitation

The amplitude of the process pd—dp with A-isobar ex-
citation in the intermediate state can be written as the follow-
ing single integral:

T =(p; o1 00 ?| 7O(pd—spd)|k kpbo ael")

)\dR,B5f dr
0

2imr(m*+A%4—m3 + iMAF]

i LD
2777](k A) €y

Xexp[ n(k,A)

u(r)5aﬂ+ (6,13 3n,ngw(r)]

u(r)675+ (8ys—3n nsw(r)], (38)

where

_ [ Amk, koA
m= ety )= e Ay 2k

n'=(—-n,0,n,),

0
7k, A)=(4kmi+kGAT)'2,  A=4p] sin® -,
0
sp? cos® =
2 i 2 2 2 2 A
ky=————, kg=m’+Kit . (39)

mi+p? sin® 5

Here u(r) and w(r) are the components of the deuteron
wave function in coordinate space. The NN« NA ampli-
tudes enter into the tensor R gs- In contrast to Ref. 8, here we
use the parametrization (30). The tensor R ps has the form

1
¢:’0maﬂ( iy ‘Tio'z) UWk‘ﬁaJ
p

RB":

X Di(a,a’)Z;,(b,b") + [ U:r( oy
2

1

3 ‘Tla'i) aﬂa-mo'&o'k‘ﬁtrp]@ik(a’a’)@lm(c,c’)

+

1
}r0,050004 85— = 0107 | B,
p 3 p
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FIG. 4. A-resonance mechanism for backward elastic pd scattering.

X@}k(c’c’)@lm(b’b’) - l: ¢:;( ’ﬂli

1
3 ‘Tz‘Ti)SP(U'kUﬂUmUa)¢aJ

X‘@ik((:’cl)%m(c’c’)' (40)

The functions Dy (x,x') and D,,(x,x’) are defined as in
(32). As noted in the preceding section, the vectors x and x’
are different. In deriving (38), the NN«—NA amplitudes
were taken outside the integral over the momenta of the in-
termediate nucleons at the point where the relative momen-
tum of the nucleons in the deuteron is zero. In this approxi-
mation the 4-momenta a’, b', and ¢’ of the intermediate
mesons are uniquely expressed in terms of the 4-momenta of
the initial and final particles as

’ !

Pa Pa Pa—Pa
f = _—— ’:—— ! '=
a'=p, 5 b 5 Py b 5 -

(41)

The 3-momenta a’, b’, and ¢’ corresponding to the 7(p)NN
vertex are defined as in (23) and have the form

Ed+md E +mp
a= \/—— -\=—L_p,,
2E,+m,) P~ N2(E,+m,) P
E,+m E;+m
- Nz TR
2(Ed+md) 2(Ep+mp) p

_Ptlz_Pd
==

(42)

The four terms in the tensor R g5 correspond to the contribu-
tions of the 4 graphs shown in Fig. 4. In these graphs the A
isobar can occur in three charge states: A**, A*, and A°. Tt
is sufficient to perform all the calculations for At and to
include the contributions of the A* and A° states by the
isotopic factor of 2, ie., AG T +ATHAY_5 4 A e
most important of the graphs in Fig. 4 is graph a. The con-
tributions of the others are considerably smaller because the
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intermediate mesons are farther from the mass shell. In Ref.
8 the decrease of the wNA vertex function as the A isobar
moves away from the mass shell was taken into account by
an auxiliary factor of the form

my

P G ey “
where s is the squared 4-momentum of the A isobar and mg
is a numerical parameter. As shown in the preceding section,
when off-shell effects are included in this manner, it is not
possible to describe the location of the experimentally ob-
served maximum in the pp—pnar™ cross section in the
A-resonance region. Here we include off-shell effects in a
different way, namely, by introducing the factor (28) into the
mNA vertex and taking into account the k dependence of the
total A-isobar width (25).

5.3. Single pN scattering

In the SS mechanism for proton backward scattering on
the deuteron, the maximum contribution comes from the ex-
change process, where the incident and nuclear protons
change places. According to Ref. 8, the amplitude for the SS
mechanism can be written as

my 3 1
T(SS)=? (5 Agvlb)l(sl ) — E A§\91\)I

0D
><<s1,t))e,-f *eN T M) s (44)
p

here A% and A} are the NN scattering amplitudes with
isospin T=0 and T=1, respectively. The tensor Mfff) in
(44) is expressed in terms of integrals of products of the
deuteron wave functions # and w as

MED=0,0,Wss(A)— 0ol 0y=3(NOIN,IWsp(A)
—[0a=3(No)N,lo,Wsp(A)+(36,y
—0,0,)Wppo(A)+[38,y=20,0,~9IN,N,
+304(oN)N,+3(oN)N 0] Wppa(A), (45)

where

, A
Azpp_ppn N=_A_

o (A
Wss(A)= fo jo(‘z‘ r) u(r)*ridr,

0=55 [l 3o
W)= | i\ 5w
1 (> (A
Wppo(A)= 5 jo jo(i r) w(r)*ridr,
1 (>~ (A
Wppa(A)= ) L jz(‘2“ r) w(r)r’dr. (46)
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FIG. 5. Contribution of the A-resonance mechanism to the cross section for
backward elastic pd scattering with various parametrizations of the NN
—»NA amplitude: (1) parametrization from Ref. 8; (2) parametrization from
Ref. 57 neglecting the factor (28) at the mNA vertex; (3) the same as curve
2 but including the factor (28). The points @ are the experimental data.?®

5.4. Results of numerical calculations and discussion

The results of calculating the cross section and deuteron
polarization tensor in the process pd—dp using the NE, A,
and SS mechanisms are shown in Figs. 5—9. The parametri-
zation of the NN—NA amplitude described in Sec. 4 was
used. We see from Figs. 5 and 6 that, in contrast to Ref. 8,
the result corresponding to the sum of the amplitudes
NE+A+SS satisfactorily reproduces the dependence of the
scattering cross section at angle 6., =180° on the initial

doldQ, pb.srt
2

10

02 04 06 08 10 12
T’.Gev

FIG. 6. The same as in Fig. 5, but for the sum of mechanisms NE+A+SS.
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FIG. 7. Differential cross section for backward elastic pd scattering as a
function of the initial energy in the NE+A+SS model with the form-factor
parameters: A =053 GeV/c, A,=0.7 GeV/c (solid line);
A,=13 GeV/c, A,=1.4 GeV/c (dot-dash line); the pure contribution of
the A mechanism for these two sets of parameters A ,,, A p is shown by the
dotted and dashed lines, respectively. The points are the experimental data
of Refs. 20 (*), 18 (@), and 17 (black squares).

energy in the range 0.2-0.6 GeV without the introduction of
any fitted parameters, except those used to describe the
pp—pnmt reaction. It should be emphasized that the im-
provement of the NN« NA amplitude compared to Ref. 8
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FIG. 8. Calculated contributions of the NE and A mechanisms to the cross
section for backward elastic pd scattering with various deuteron wave func-
tions: (1) NE with the Paris function; (2) NE with the Ried soft-core func-
tion; (3} NE with the Moscow State University function’; (4) the A mecha-
nism with the Paris function; (5) the A mechanism with the Ried soft-core
function.
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FIG. 9. Deuteron tensor polarization #,, in backward elastic pd scattering as
a function of the initial energy for various mechanisms. (a): (1) NE; 2) A;
(3) NE+A+SS; (4) NE+A+SS+TBR. The curves in (b) were obtained for
changed sign of the D wave [w(r)— —w(r)] in the A amplitude: the dotted
line is the A-mechanism contribution, the dashed line is the ONE contribu-
tion, the dot-dash line is the A+ONE contribution, and the solid line is the
A+ONE+SS contribution. The experimental data are from Refs. 19 (@)
and 23 (x).

using the description of the pp— pnw™ process in this kine-
matical region leads directly to an improved description of
the experimental data on the pd—dp process. Let us discuss
some important features of the NE+A+SS model.

First, the off-shell behavior of the A isobar is very im-
portant. In the description of the pp—pnw™ reaction, the
factor Z(k) defined in (28) is present at the vertex where the
virtual A isobar decays into a real 7 meson and a nucleon,
according to the phenomenology of free wp scattering. The
situation regarding the pd—dp process is different. Along
with the A isobar, the m(p) meson is also off-shell. There-
fore, an ambiguity arises in the calculation of the contribu-
tion of the A mechanism to the pd—dp cross section: it is
not clear if the factor Z(k) should (a) or should not (b) be
substituted into the vertex with off-shell 7 meson and A
isobar. There are no formal arguments favoring either choice,
and in both cases roughly identical results of the fit of the
cross section for the reaction pp— pnw™ are obtained with a
slight change in the parameters A, and A, (Ref. 13). How-
ever, in the case of the pd—dp process this ambiguity sig-
nificantly affects the magnitude of the A-mechanism contri-
bution. The cross sections calculated with Z(k)#1 and
Z(k)=1 differ by a factor of 2 at the points T,=05 GeV
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and T,=1 GeV. The two calculations give the same result at
the point T,=0.7 GeV, at which the A isobar is on-shell in
this model. For comparison, in Fig. 5 we show the results of
calculating the contribution of the A mechanism with the
parameters from Ref. 8. It is clear from our calculations!
that the maximum in the cross section calculated including
only the contribution of the A mechanism is shifted to lower
energies compared to Ref. 8. This is due to the k¥ dependence
of the total A width in (25). It was assumed in Ref. 8 that the
width I is independent of k: I'(k)=T"y=const. It is not pos-
sible to describe the location and height of the experimental
maximum in the cross section of the process pp—pnw?t,
while the pure contribution of the A mechanism to the
pd—dp process near where the A isobar goes off-shell is
overestimated.

Second, an important feature of the NE+A+SS model is
the nature of the interference between the A and NE mecha-
nisms. In Ref. 8 the total NE+A+SS contribution in the
energy range 0.6—0.8 GeV turned out to be smaller than the
contribution of only the A mechanism and considerably
lower than the experimental data. The reason for this destruc-
tive interference of the A and NE mechanisms (the contribu-
tion of the SS mechanism is negligible in this region and the
interference with it is not important) in Ref. 8 was the large
contribution of the p meson to the NN« NA amplitude. In
the parametrization used in Refs. 57 and 13, the p-meson
contribution is minimal, because? A p~~Mm,. Owing to this,
the M7 P+NE interference is constructive, and the total
contribution of the NE+A+SS mechanism in the range
T,=0.4-0.8 GeV in this case proves to be larger than the
contribution of the pure A mechanism and considerably
closer to the data than in Ref. 8.

Third, the A mechanism of the process pd—dp is very
sensitive to the parameters of the form factors at the wNN,
7wNA, pNN, and pNA vertices. Our calculations show that
the use of the cutoff parameters A,=1.3 GeV/c and A,
=1.4 GeV/c given in Ref. 72 leads to a differential cross
section in the NE+A+SS model which is an order of mag-
nitude higher than the experimental data in the range 0.5-1.0
GeV (see Fig. 7).

Fourth, the parameters of the NE+A+SS model are best
justified near where the A isobar goes on-shell (T,
~0.7 GeV). However, from Fig. 6 we see that at this energy
the model gives an absolute value of the experimental cross
section too low by a factor of ~2. This disagreement cannot
be eliminated by replacing one realistic deuteron wave func-
tion by another owing to the weak sensitivity of the A
mechanism to the behavior of the wave function at small
internucleon separations. This property of the A mechanism,
the weak sensitivity to the details of the behavior of the
deuteron wave function at small NN separations, is illus-
trated in Fig. 8, where we give the contributions of the A and
NE mechanisms calculated for various deuteron wave
functions, namely, the Paris function,” the RSC function,”*
and the Moscow State University function.”” In the Paris
function the high-momentum component is somewhat
weaker than in the RSC function. Therefore, for the NE
mechanism, which is most sensitive to the high-momentum
components of the wave function ,(q), the cross section
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for the Paris function is smaller in magnitude than that for
the RSC function (and significantly smaller than that for the
function of Ref. 75). On the other hand, for the A mechanism
the cross section for the Paris function is somewhat larger
than for the RSC. This clearly shows that the A mechanism
is important not at small internucleon separations in the deu-
teron, but rather at intermediate and large ones. The NE
mechanism dominates for 7,=0.1-0.3 GeV, which follows
from the description of the cross section and the deuteron
tensor polarization. At energies 7,=0.6—1.0 GeV the rela-
tive contribution of the NE mechanism is small, but for T,
=1.0 GeV its role is again significant.

The question of the tensor polarization ¢,q is more com-
plicated. In the region where the NE mechanism dominates
(Tp,=<0.2 GeV), the values of t,, for the NE mechanism
agree with experiment (see Fig. 9). For 7,=0.25 GeV the
value of 1y, predicted by the pure NE mechanism disagrees
with the experimental data. The calculations using the
one-NE mechanism performed recently in the fully covariant
Bethe—Salpeter formalism with the one-boson exchange po-
tential in the ladder approximation®> do not improve the
agreement with experiment for f,,. Inclusion of the
A-mechanism contribution restores the agreement at fairly
low energies 7,=0.25-0.4 GeV. However, at higher ener-
gies T,=0.4 GeV the value t50=—0.2— +0.2 predicted by
the NE+A+SS model is in sharp contradiction with the data.
As in Ref. 8, here the values of t,, are positive for the A
mechanism. Using the same spin structure of the NN—NA
amplitude as used here in Eq. (30), the authors of Ref. 12
obtained ¢,,~ — 0.5, which is considerably closer to experi-
ment. However, in their calculation'? of the A amplitude, the
A propagator was taken outside the integral over the inter-
mediate nucleon momenta. According to estimates’® made
for the deuteron S wave, this approximation reduces the con-
tribution of the A mechanism by a factor of 2 to 3. This
underestimate is then artificially compensated for'? by a spe-
cial choice of the parameters of the NN NA amplitude, in
contradiction with the experimental data on the pp—pna*
cross section. When the deuteron D wave is included within
the approximations used in Ref. 12, a different spin structure
of the amplitude M® arises compared with the calculation
of Refs. 8 and 76. In connection with this, we note that our
analysis shows that when the contribution of the deuteron D
wave is excluded from the A amplitude of Ref. 8, the value
of 5y becomes negative, while when the sign is changed in
(38), w(r)— —w(r), qualitative agreement with the data is
obtained (see Fig. 9a).”) Therefore, to reach a more definite
conclusion about the value of ¢,, in the NE+A+SS model, it
is important to keep not only the A-isobar propagator, but
also the wNN and wNA vertex functions inside the integral
in the A amplitude. This technically complicated problem
has not yet been solved. In addition, it may prove important
to include o and w exchange in the NN—NA amplitude,
because the polarization characteristics of the reaction
pp—pnw' cannot be described using only w+p
exchange.®

We note that the disagreement between the predictions
of the NE+A+SS model and experiment occurs both for the
spin-averaged cross section and for t5 at 7,=0.4 GeV. As
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shown in Ref. 13, the inclusion of three-baryon resonances,
the possible existence of which was first mentioned in Ref. 8,
does not improve the agreement with experiment for #,, even
with the most general assumptions about the spin structure of
the corresponding amplitude. In Sec. 6 we shall discuss a
possible connection between this disagreement and the
N*-isobar exchange mechanism due to the admixture of
NN* components in the deuteron. According to estimates,?
the maximum contribution of N* exchange is expected to
occur in the energy range 7,=0.5-1.0 GeV.

5.5. The role of the three-baryon resonance
mechanism

One possible way of overcoming the disagreement be-
tween the NE+A+SS model and the spin-averaged cross
section for the process pd—dp is to include the contribution
of the three-baryon resonance (TBR) mechanism. The idea
of such a mechanism was first mentioned in Ref. 8. It was
later shown”’ that this idea is consistent with the experimen-
tal data on the cross section ratio R=do(p,nd)/do(p,pd)
for the nuclei ®Li at 670 MeV. The possible existence of
three-baryon resonances is predicted in the model of elon-
gated rotating bags with hidden color.>® If we assume that
the entire disagreement between the experimental data on the
spin-averaged cross section of the process pd—dp and the
NE+A+SS model is due to the contribution of three-baryon
resonances, we can obtain an upper limit on the TBR contri-
bution. This was done in Ref. 8. This result now needs to be
reevaluated, as in Ref. 13 we obtained a A-mechanism con-
tribution different from that of Ref. 8. Moreover, the TBR
amplitude averaged over proton spins was used in Ref. 8. We
shall take into account the spin structure of the TBR ampli-
tude more accurately, using for it the expression'?

I
Apr={a'\}|T|o,\ )= —
TBR ARl Sy E—Mo+il/2
) ( 1
X(—1)* \/(2L+1)(2L'+1)k1)\,,5 o, SMS)
1
X(LOSM|JM) 1)\;50,’, S'Mg
X(L'0S'Mg|IM), (47)

where L (L') and S (S’) are the orbital angular momentum
and spin of the channel p+d (p’ +d'), J is the total angular
momentum of the TBR, T is its width, M, is its mass, and G
is the coupling constant at the p +d«— 9q vertex.

The calculations were carried out assuming that L=L'
and S=S’. As in Ref. 8, here it is assumed that only the
three resonances decaying into the D, F, and G states of the
pd system give the largest contribution. The resonance pa-
rameters are found by a fit to the experimental data:
M~31-32 GeV, I'~100-200 MeV, and G~0.3-0.7.
Equation (47) reduces to (11) from Ref. 52 only in the limit
§4>S,. Using (47), we find that for the three TBR ampli-
tudes considered, f,o lies in the range tTBR —0.4-+0.4,
including the point #,,=0. However, even in the most favor-
able case (7,0=—0.4), for the total NE+A+SS+TBR
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amplitude the calculated value of t,y is close to zero for
T,> 0.6 GeV, ie., much higher than the experimental
points.

It can therefore be concluded that the role of the TBR
mechanism is greatly exaggerated in Refs. 8§ and 52, espe-
cially in the interpretation of ¢,,. However, at present there
is no justification for completely discarding this mechanism.
The question of the role of the TBR mechanism in #,, should
be reexamined after calculating the contribution of the A
mechanism more accurately and performing a complete po-
larization experiment.?

6. N*-ISOBAR EXCHANGE AND THE ROLE OF
RESCATTERINGS

6.1. The one-boson exchange mechanism in
relativistic dynamics

In this section we give the expressions for the baryon-
exchange mechanism obtained earlier® including only the
p+n component of the deuteron, and then generalized?® to
the case of nucleon isobar N* exchange in the process
pd—dp and neutron exchange in the process pd—dN*
(Ref. 78).

The BKT approach. Our discussion is based on that of
Bakker, Kondratyuk, and Terentjev3® (BKT), who con-
structed Faddeev-type equations for the three-body problem
in relativistic dynamics. The advantage of this approach is
that the commutation relations for the Poincaré generators of
the three-body system, and, in particular, the angular condi-
tion, are satisfied exactly. Without dwelling on the technical
details of the approach, let us give the final expression for
the amplitude of the process p;d—dp ¢ within the one-boson
exchange (OBE) mechanism (see Figs. 1b and 1f):

AQBE= KE (W@} ey, (48)

where

2 -M
= ( i ) 2\E4 By FEE4(Ey T Ex) ‘/;E—N" (49)

is a kinematical factor and \I'g:’a” (q) is the deuteron wave

function in the channel d—p+N (an eigenfunction of the
mass operator of the p+ N system). Its normalization condi-
tion is

1 o 3 y
27,41 m i j |wy a (@]« ,,N(q)mg N(" )
50
where
2e,(q)en(q)
"pN(‘I)=%(';T;:’vm, (@)= mI+d% (51)

N‘ZN is the effective number for the corresponding p+ N
component of the deuteron and includes the squared isotopic
Clebsch—Gordan coefficient, (%TP%TN|00)2=%, so that, for
example, for the p+n component of the deuteron we have
N”” 0.5. Equation (48) includes the combinatorial factor
( )=2, because the 6-quark deuteron function used here is
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completely antisymmetric in the quarks; o; (o) and oy are
the spin projections of the initial (final) nucleon and the
transferred baryon, respectively; and \; (A ) is the spin pro-
jection of the initial (final) deuteron. We have used the fol-
lowing notation in (49) and (51): Ei(pg)= Vmj+p; and p;
are the energy and momentum of the kth particle
(k=p;.ps,N.d; dy) in the 3-body c.m. frame of p;+d=p;
+d; e(q)= m]2-+q]2. and q are the energy and momentum
of the jth particle (j=p;,py,N) in the 2-body c.m. frame of
pitN or pst+N; Vs is the invariant mass of the system
pitd=p;+d, and M0=EN+Epi+Epf is the mass of the
intermediate state. In (48) we sum over the internal states of
the transferred baryon N (a neutron or nucleon resonance),
including its spin projection oy . The arguments of the wave
functions of the initial and final deuterons g; and q are ex-
pressed in terms of the momenta and energies of the ob-
served particles using Eq. (2) as

(8N+EN)pi_ (Bp’-+Epi)pN

q;= 8N+EN+3pi+Epi » en=en(qy),

€p,= Sp,.(‘Ii) (52)
(8N+EN)pf_(8pf+Epf)pN

Y entEnte, vE, ev=en(qy),

&p = spf(qf). (53)

The 3-momentum of the transferred nucleon N in (52) and
(53) is related to the 3-momenta of the initial and final par-
ticles in the p+d c.m. frame as’¢

Py=P4, " Pf=Pa, " Pis (54

The squared modulus of the amplitude (48) averaged over
the spins of the initial particles and summed over the spins of
the final particles is related to the differential cross section of
the process pd— pd in the p+d c.m. frame as

do 1 =y
70 = ez [Aossl” (55)

Noncovariant light-cone dynamics. Let us consider the
one-nucleon exchange amplitude for the process pd—dp us-
ing noncovariant light-cone dynamics (LCD) without the
three-particle angular condition. This approach has been
used in Refs. 5, 6, and 11. Even though the results are rather
applied (see Ref. 79 and references therein), we shall give
them here only for comparison with the OBE mechanism in
the BKT approach, in which the rotational invariance is not
violated.

Using the properties of the nucleon |p, ,p*) and deu-
teron |d, ,d") free states in LCD and taking into account the
conservation of the p* and p, components of the
4-momenta at the d—p+N and p;+N—d vertices, for the
OBE amplitude in the noncovariant form of LCD we obtain
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2 1
at2=(3) 1 -2, 0

X3 (WKLY WK LE), (56)
U'N 1

where ¥ (k, ,£) is the deuteron wave function (i.e., the
eigenfunction of the squared mass operator M? with eigen-
value mg), which is related to the wave function in (48)
\P:;’ "“N(q) by the Melosh transformation.%

In (56) the internal LCD variables k, , £ K| , and &' are
related to the one-particle external variables by relations ex-
pressing the conservation of the p* and p, components of
the 4-momenta at the d<— N+ N vertices. In the noncovariant
LCD approach the wave functions ¥, and ¥ 4 depend only

on the squared modulus of the relative momentum k2, which
is uniquely related to the invariant masses M}=M 2(k! L&
and M}=M?*(k, ,£) of the free pairs p;+N and p,+N, re-
spectively. The violation of rotational invariance in the non-
covariant LCD approach is manifested in the dependence of
the arguments k? and k% of the wave functions of the initial
and final deuterons on the direction of the OZ axis. In Ref. 6
the OZ axis was chosen such that OZ7 Tpp;+ Py This
choice ensures symmetry of the initial and final protons (deu-
terons): £=¢' and ki =k’i . This symmetry is preserved in
N* exchange. However, in the case of the reaction
pd—dN*, the choice of a particular direction of the OZ axis
is difficult to justify on the basis of symmetry requirements
or minimization of the contribution of multiparticle interme-
diate states, as was done in Ref. 6. Therefore, in Ref. 78 the
reaction pd—dN* is studied only in the BKT approach.

6.2. The inclusion of rescattering in the initial and
final states

Repeating the arguments of Ref. 27, where the two-
nucleon transfer mechanism in the process p+3He—>He
+p was studied, for the nucleon-exchange amplitude in the
process pd—dp taking into account rescatterings (distor-
tions) in the initial and final states we find

TNE= Tp(ds,py;d;,p;)

i
+4—7'T;; f dzqud(q)TB(df,pf;di+q:pi_q)

i
+47Tpf 4’q" f,p(q' ) To(d;—q' 0y +q'3d;. )
1 2 2 1 ’
R d*qd*q'Fp4(q) f,p(q') Ts(df

14
—q'.pstq;d;+q,p,—q). (57

Here p; (d;) is the momentum of the initial proton (deuteron)
in the p+d c.m. frame and py (dy) is the momentum of the
final proton (deuteron); the integration variables q and q’ in
(57) are the 2-dimensional momenta transferred in pd and
pp rescatterings, respectively; the amplitude of elastic pN
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scattering, f,y, for which we use the spinless approxima-
tion, is parametrized in the form standard for diffraction
theory:®!

pr(Q)— (l+apN)exp( ﬂqu2)7 (58)
where ¢ is the momentum transfer, k£ is the nucleon wave
vector in the p+N c.m. frame, o O,y is the total cross section
of pN scattering, a,y and Bpy are empirical parameters cor-
responding to the experimental data on pN scattering, and

Fpa(q) is the amplitude of forward elastic pd scattering,
here calculated using Glauber—Sitenko multiple scattering
theory The Born amplitude Ty is related to the invariant
amplitude A in (48) as

ANE= 4mpdeB . (59)

In deriving the amplitude of forward elastic pd scatter-
ing in the Glauber—Sitenko theory, the integration over the
2-dimensional momentum transferred to the nucleons is per-
formed in the plane perpendicular to the eikonal axis, which
is taken to lie along the vector p;+ Py, i.€., along the bisector
of the angle between the momenta of the initial and final
protons. As is well known (see, for example, Ref. 82), this
approximation works well for scattering into the forward
hemisphere. Accordingly, in the integration over d?q and
d%q' in (57) it is necessary to take the eikonal axis to lie
along the vector p;— Py, which corresponds to small pp- and
pd-rescattering angles §=7— 6., , where 6., is the scat-
tering angle in the process pd—dp, close to 180°. Obvi-
ously, if the Glauber—Sitenko approximation for the forward
pd-scattering amplitude F,; works well for small angles in
the range 0— 8, , then the formalism used here to include
rescattering in the process pd—dp should work in the cor-
responding range of large backward pd-scattering angles
Ocm=[7— Opax 7).

Let us discuss the expressions for the arguments of the
deuteron wave functions in (57), shown graphically in Fig.
10, denoting the momenta for the second, third, and fourth
terms by the superscripts k=2,3, and 4:

- tﬁd,.( q,-=-;- d— p,-) t//i}}( qf=% d,——pf) .
T szqtﬂd(Q(”—q.+q)t//df( ‘2)—qf+;q)
i fdzd Z (Q‘”=q,—5q ):/fd(Q‘”— -q');
T(4)~ffdzqd2q"/’dl.(Q,(4)=qi+q—%q')

Xy (Q(‘”—qf+ - q—q). (60)
f 2

It follows from these expressions that for the scattering angle
0cm.=180° (qLq;, ql q) the momentum transfer in rescat-
tering increases the moduli |Q{®| and | (")| k=23,4. On
the other hand, at 4, ,, <180°, for all three terms involving
rescattering there exists a range of the arguments q and q’ in
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FIG. 10. Mechanism of one-nucleon exchange with rescattering: (a) neutron
exchange in the Born approximation; (b) neutron exchange with pd rescat-
tering; (c) neutron exchange with pp rescattering; (d) neutron exchange with
pp+ pd rescattering.

which the moduli |Q{®| and |Q{¥| are decreased compared
to the values |q;| and |q,| characterlstlc at the given scatter-
ing angle 6., in the Born approximation. This region can
give the dominant contribution to the integrals over d%q and
d*q', because the wave function ¥4(q) grows rapidly as its
argument decreases. The moduli |Q{®| and IQ(")[ decrease
owing to the cancellation of their transverse components
|Q®| and | (k)l lying in the plane of the vectors q and q’.
This effect is larger the more rapidly the wave function
¥ ,(Q) falls off with increasing relative momentum Q and
the more slowly the amplitudes Sfop(q) and Fp,(q) fall off
with increasing momentum transfer ¢. This can be clearly
seen from the explicit analytic expressions for the amplitudes
of NE with rescattering if the deuteron wave function is
taken to be an expansion in Gaussians: ¥g(q)=2= iAj
Xexp(—v4q %). For example, in the S-wave approximation for
the deuteron wave function (in actual calculations both the S
and D components of the wave function are included) the
NE amplitude with pp rescattering in the final state has the
form

—i m
T (q;,q9)= yp— 12:1 appAidj 3 expel— (vt v,a0)]

Xex

(2 Yelr t yjqu_)z ‘Ii2
P Y Eqv —

my
1
T ampY 2yviar +7/9:1)49:,

1 1
16 YZ (27kqf1_+7]qu_) + 4m Y] (61)

Here B, and a,,=0,,(i+a,,)/47 are the parameters of
the pp scattering amplitude (58); ¥ =B,,+ y;+ §¥;; and the
transverse components of the momenta q;; and q;, are per-
pendicular to the direction of the eikonal axis, which lies
along the vector (p;—py). The first exponential factor with
negative argument in (61) leads to ‘‘normal’’ falloff of the
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amplitude of the process with increasing ‘‘Born’’ momenta
q; and g¢. The second exponential with positive argument in
(61) slows down the falloff of the angular dependence.
Therefore, the terms with rescattering at 6., <180° can
prove more important than the first Born term.

6.3. The spin structure of the OBE amplitude

The p+n component. The spin structure of the Born
amplitude of neutron exchange for the p+n component of
the deuteron taking into account the S and D waves is well
known (see, for example, Refs. 4 and 8).

The p+N* component. According to calculations'
based on the Regge model and an analysis® using the theory
of meson exchange, the contribution of the NN* components
is important for understanding the experimental data on the
cross section for backward pd scattering at energies
~1 GeV. However, the use of the Regge model at energies
of the order of the nucleon mass and also the significant
uncertainties in the information about the meson—-N-N*
vertices make these estimates unreliable. The 6-quark model
of the deuteron® % developed later on allows a new ap-
proach to the calculation of dNN* vertices. In this model the
structure of the deuteron at small NN separations ryy<1 F
is determined by the superposition of the unexcited s® and
excited s*p?—s32s quark shell configurations. According to
this model, the presence of two-quantum 24w excitations in
the s*p?— 5325 configuration gives rise to a phenomenologi-
cal repulsive core in the NN interaction potential.®*3> This
excited quark configuration leads to an admixture of small
NN* components in the deuteron wave function. The effec-
tive numbers and momentum distributions for various
baryon—baryon components in the deuteron have been calcu-
lated in this approach,¥” which makes it possible to analyze
the role of the NN* components in the reaction
dA—p(0°)X (Refs. 79 and 24).

Let us consider the exchange of nucleon resonances N*
starting from the p+N* component of the deuteron wave
function constructed in Refs. 87 and 79. In the quark model
the deuteron wave function in the d—N-+B channel,
\I’:N"B , entering into (48), (50), and (56) is determined by
the following overlap integral of the 6-quark wave function
of the deuteron W ¢, and the product of baryon internal wave
functions ¢y and ¢@p:

6! 172
\I})\N B:(m) (‘PN‘PB"I’&])' (62)

The state of a baryon in the quark model is written as an
expansion in the basis states of the translationally-invariant
shell model. Using the formalism developed®” for the overlap
integrals (62), we obtain the following expression for the
amplitude of N%*-resonance transfer in the process
pd—dp:
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Ag%zl( kpn(qi) kpn(qy)

x>

MLBMSB

(LBMLBSBMSBUBMJB)
My Mg My
X(SpMs 11207 lxi)(LBMI"BSBM.,Ssl']BMJB)

X(SpM 11207 1\ f)YLBMLB(qf)Y*

LM
B Ly

X(8)2®y,1,(dp)- (63)

Here Ly, Sp, and Jp are the orbital angular momentum, the
spin, and the total angular momentum of the isobar, M B

Mg, , and M, are the corresponding z projections of these
angular momenta, and @y , (q) is the wave function of the

relative motion in the d— p +N* channel, normalized by the
condition

® dq *
[C@h @0 =Nz, (64

where NBY * is the effective number of N* isobars in the
deuteron.

The authors of Refs. 87 and 79 used the angular-
momentum coupling scheme (Lp+Sz=1Jp, Sp+s,=J,) in
which the internal orbital angular momentum of the baryon
B is also the orbital angular momentum of the relative mo-
tion in the d—p+B channel. Equation (63) was obtained
using this coupling scheme. However, in the principal
d— p+n channel, which in Refs. 87 and 79 is not described
by the quark model, the coupling scheme is different:
s,+s,=8, L+S=];. Therefore, to make the spin structure
of the pN* component consistent with the spin structure of
the pn component, it is necessary to use the following cou-
pling scheme in the d— p+ B channel:

Lp+Sp=Jz, Jp+s,=S, L+8=],, (65)

where the angular momentum L has the same parity as L
and is here taken equal to Lp.

6.4. Numerical results

Nucleon resonance exchange. In the calculation of the
contribution of nucleon resonance exchange to the process
pd—dp, we included the ten states of the translationally-
invariant shell model, given in Table 2 of Ref. 79, for which
the effective numbers are at least 107> In our calculations
the mass of a state was identified with the mass of the reso-
nance in whose wave function the state in question of the
translationally-invariant shell model has the largest weight.

For example, the state |2(20)[21]0%%) is assigned the mass
1710 MeV. The results of the calculations taking into
nucleon resonance exchange are given in Figs. 11-13. The
calculations show that the contribution of N* exchange
depends strongly on the form of relativistic dynamics used.
For example, in going from the BKT approach to the nonco-
variant LCD approach, the contribution of N* exchange de-
creases owing to the increased relative momentum at the
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FIG. 11. Calculated cross section for the process pd—dp at .., = 180° as
a function of the kinetic energy of the initial proton in the lab frame T, for
OBE mechanisms: (1) contribution of exchange of N* isobars with positive
and (2) negative parity; (3) total contribution of N* exchange; (4, solid line)
neutron exchange, (5) coherent sum of n and N* exchange.

d—NN* vertex. As the mass of the transferred resonance
increases, its contribution to the process pd—dp also de-
creases, because the relative momentum at the d— NN* ver-
tex is increased. We see from Fig. 11 that the total contribu-
tion of negative-parity states, i.e., p states of the relative
motion in the channel d—p+N*, is a maximum for initial
proton energies in the lab frame 7),~0.3 GeV. The maxi-
mum relative contribution of positive-parity resonances, i.e.,
s states of the relative p—N* motion in the d—p+N*

1.5

aaal o s L s aa

-1.5 At
0 0.5 1 1.5 2 25 3

Tp, GeV

FIG. 12. Calculated deuteron tensor polarization in the process pd—dp at
6.m.=180° as a function of the incident proton kinetic energy in the lab
frame 7', for OBE mechanisms: the solid line is for NE and the dashed line
is the coherent sum of n and N* exchanges.
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FIG. 13. Calculated cross section for the process pd—dp at ., =180° as
a function of the incident proton Kinetic energy in the lab frame T, for the
NE+A+SS (solid line) and NE+A+SS+N*-exchange (dashed line)
mechanisms. The points are the experimental data of Refs. 20 (x), 18 (@),
and 17 (black squares).

channel, occurs for initial proton energies in the lab frame
T,~0.2-0.4 GeV. As shown in Ref. 28, the total amplitude
for the exchange of positive-parity N* isobars interferes de-
structively with the total amplitude for the exchange of
negative-parity states. On the whole, the total contribution of
N* exchange to both the cross section and the tensor polar-
ization in the process pd—dp for the model of Ref. 79 is,
according to Ref. 28, negligible and has practically no effect
on the numerical results. According to Ref. 79, there is no
interference between the s and p contributions to the inclu-
sive reaction d+A— p(0°)+X for the NE mechanism, and
this is apparently one of the reasons that N* exchange is
more important than in the process pd—dp.

However, if the better justified angular-momentum cou-
pling scheme (65) is used, a different result is obtained:?’ the
interference of the s and p states is no longer destructive. As
a result, the total cross section for n+ N* exchange is about
2 times higher than for pure neutron exchange in the range
0.7-1.2 GeV (Figs. 11 and 12). It is in this region that the
disagreement between the predictions of the NE+A+SS
model and experiment is observed. As seen from Fig. 13, our
calculations® using the extended NE+A+SS+OBE model
agree much better with the data in the range 0.7-1.5 GeV.
However, the disagreement with experiment on ¢,, remains
even when the OBE amplitude is included. As noted in the
preceding section, this might be a consequence of the ap-
proximations made in calculating the amplitude of the
A-resonance mechanism.?

Neutron exchange and the rescattering contribution.
Numerical calculations were performed for the neutron-
exchange mechanism using the deuteron wave function from
the Ried soft-core (RSC) potential parametrized in Ref. 74.
The parameters of the elastic pp and pn scattering ampli-
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FIG. 14. Angular dependence of the cross section for
elastic pd scattering in the c.m. frame at various initial
proton energies: (a) 1.016 GeV; (b) 1.5 GeV; (c) 2.09
GeV; (d) 2.5 GeV. The curves were calculated using
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various mechanisms: (1) the NE mechanism in Fig.
10a; (2) the sum of the graphs of Figs. 10b and 10c; (3)
the sum of the graphs of Figs. 10b, 10c, and 10d; (4) the

daldQ,mb/sr
]

sum of the graphs of Figs. 10b, 10c, 10d, and 10e; (5)
the Glauber—Sitenko diffraction theory with nuclear
density corresponding to the deuteron S-wave in the
RSC potential; (6) the same as (5), but with Gaussian
density from Ref. 89. The points are the experimental
data from Refs. 16 (O) and 17 (diamonds).
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tudes were taken from Ref. 88. In Figs. 14a—14d we show
the angular dependence of the cross section for elastic pd
scattering in the range 0=<<6_,, <180° at incident proton en-
ergies in the lab frame Tp= 1.016 GeV, 1.5 GeV, 2.09 GeV,
and 2.5 GeV. The theoretical curves were obtained using the
Glauber—Sitenko theory in the forward hemisphere
0., <60° and using the mechanism of NE with rescattering
in the backward hemisphere 6, =120°. We see from Fig.
14 that for T,=1-2.5 GeV and 8., = 150—180°, the result
of the Born approximation for the NE mechanism agrees
satisfactorily with the experimental data in shape and abso-
lute value. However, when pp and pd rescatterings are in-
cluded, this qualitative agreement disappears. At angles
150°=< 6, ,, <180° the falloff of the cross section do/d{2(0)
with decreasing angle @ is observed to slow down, in agree-
ment with the qualitative arguments given in Sec. 3. A simi-
lar effect played an important role in the description of the
angular dependence of large-angle elastic p3He scattering
using the np-pair exchange mechanism (Ref. 27).%

The absolute value of the cross section at 6, =180°
decreases by a factor of ~2-3 in the range T,=1-3 GeV
when distortions are included (see Fig. 15). This figure
shows that the contribution of the NE mechanism including
rescattering lies considerably lower than the experimental
points for the cross section of pd scattering at 6., = 180° in
the entire energy range studied, 0.5-3 GeV. The smallest
deviation from experiment occurs at energies
T,=2.2-2.4 GeV, but even here the disagreement is by a
factor of ~2. It should be stressed that when the Paris wave
function is used for the deuteron, the contribution of the NE
mechanism is even smaller than when the RSC function is
used (see, for example, Ref. 13). Therefore, our calculations

agree qualitatively with the conclusion of Ref. 4 regarding
the role of distortions and the inadequacy of the NE mecha-
nism for describing the absolute value of the cross section of
the process pd—dp at 0., =180°. At the same time, it
should be noted that the suppression due to distortions is an

10F
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FIG. 15. Dependence of the cross section for pd scattering on the incident
proton energy at 6., = 180°. Curves 1—4 have the same meaning as in Fig.
14; (5) is the contribution of the triangle one-pion exchange graph; (6) is for
single pN scattering. The experimental data are from Refs. 18 (diamonds)
and 17 (black squares).
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FIG. 16. Tensor polarization of the deuteron in elastic pd scattering as a
function of the scattering angle at incident proton energy T,=1.5 GeV.
Curves 1-4 have the same meaning as in Fig. 14.

order of magnitude weaker than for the process p>He—>Hep
(Ref. 27).

The tensor polarization (6., ) as a function of the
scattering angle changes significantly when rescatterings are
included (Fig. 16). However, at 6, ,, = 180° the effect of res-
catterings on f,, is negligible (see Fig. 17). Therefore, de-
spite the assumptions following from the results of Ref. 24,
the known discrepancy (see, for example, Ref. 26) between
the predictions of the NE mechanism for #,y(6,, =180°)
and the data remains even when rescattering is included.

For comparison, in Fig. 15 we show the results of our
calculations using the single-scattering and one-pion ex-
change (OPE) mechanisms. For the OPE mechanism we
used the formalism of Ref. 90 with the parametrization of the

1.5
pd
- o
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FIG. 17. Tensor polarization of the deuteron in elastic pd scattering at angle
8..m = 180° as a function of the incident proton energy. Curves 1—4 have the
same meaning as in Fig. 14.
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experimental data on the reaction pp—dmt from Ref. 91.
The contribution of the single-scattering mechanism was cal-
culated in the impulse approximation using the formalism of
Ref. 13 with the RSC form of the deuteron wave function.
We see from Fig. 15 that the contribution of this mechanism
is an order of magnitude below the experimental data in the
entire energy range considered. The inclusion of double scat-
tering as in Ref. 7 leads to additional lowering of the cross
section. On the other hand, near the A resonance, corre-
sponding to proton energy T,~0.6 GeV, and also at ener-
gies ~2.5 GeV, the OPE mechanism gives a larger contri-
bution, comparable to the experimental data. However, at
energies ~ 1.5 GeV the OPE contribution is almost an order
of magnitude lower than the experimental points. It can be
expected that the actual contribution of the OPE mechanism
is even smaller owing to the absorptive nature of rescatter-
ing, which is not included in these calculations. Therefore,
for energies in the range 1-2 GeV none of the mechanisms
discussed here can even begin to account for the absolute
value of the experimental cross section. There are apparently
other mechanisms which are important, in particular, double
PN scattering with excitation of N* resonances, which is
only partially included in the OPE mechanism.

7. THE CONTRIBUTION OF THE QUASIRESONANCE
n—°He STATE TO BACKWARD ELASTIC pd
SCATTERING

Analysis of the data on the pd—>He# reaction near
threshold suggests the existence of quasibound states B* in
the 7—*He system.>*> The parameters of these states—the
mass Mg, width I'y, and form factor of the transition
7 3He— B*, were obtained in Ref. 55 from a fit to the ex-
perimental data using the two-stage model of the reaction
pd—>Hen including the final-state interaction. These results
can be used to calculate the contribution of B* states to
backward elastic pd scattering.

Assuming that a quasibound state B* is formed in the
interaction of the 7 meson and the *He nucleus produced in
the process pd—>He, for the amplitude of the transition
pd—B* we obtain

dq*
Awa=nn= [ o

X A3He7]—>B*Ma(pd_) 3He 77) .
2m,(T,~py/2m ,+ie)2m (T, —p2/2m +ie)’
(66)

where m . and m ,, are the masses of the 7 meson and the He
nucleus; ¢ is the relative 4-momentum in the 77— 3He sys-
tem; 7; and p; are the kinetic energy and 3-momentum of
particle (nucleus) i; M,(pd—3Hen) is the amplitude of the
reaction pd—>He 7 in the two-stage model in the notation of
Ref. 55; Asye,—,p+ is the amplitude of the virtual process
3Hen— B*, for which we have®

A _ 8B’ .
SHen—Bx= V8TSpq prwl (67)
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and the parameters g, and 8 were found in Ref. 55. The
amplitude of elastic resonance pd scattering can now be
written as

A(pd—B*)A(B*—dp)
2m3*[Ek—EO+iFB/2] ?

A(pd—dp)= (68)
where Eq=—7 MeV is the energy of the state B* relative to
the level m ,+m ., E; is the energy of the relative motion in
the p+d system with relative momentum &, I';~20 MeV,
and mgx=m,tm,+E,.

At the maximum (E,=E,), the cross section for pd
scattering via the intermediate state B* has the form

o _ 4goBt 1
a0 P = e T G

Using the values obtained in Ref. 55 for the amplitude
M ,(pd—>Hen), from (69) we find do/dQ~0.03 ub/sr,
while the mechanism of one-nucleon exchange with the Paris
wave function of the deuteron gives the considerably larger
value'® 5 ub/sr at the same initial proton kinetic energy
T,~1 GeV. Therefore, the contribution of backward pd
scattering via a hypothetical quasibound 7— *He state is neg-
ligible.

(69)

8. CONCLUSION

Our analysis shows that in the process pd—dp, in con-
trast to backward elastic p°He scattering at energies 1-2
GeV, none of the mechanisms considered here can dominate
absolutely, and the sum of all their contributions does not
give a clear understanding of the nuclear structure. The pro-
cess pd—dp is therefore not as well understood theoreti-
cally as the dynamics of the process p*He—>Hep (Ref. 92).
This is largely due to the fact that the deuteron is a very
loosely bound system. Nevertheless, our analysis does lead
to some constructive conclusions.

The contribution of double pN scattering with A-isobar
excitation is important at energies in the range 0.5-1.0 GeV.
When the parameters of the NN« NA amplitude are cor-
rectly defined, the sum of mechanisms NE+A+SS gives a
qualitative description of the energy dependence of the scat-
tering cross section in the range 0.5-1.5 GeV at
0. m = 180°. Therefore, attempts to describe the experimen-
tal data in this energy range using only the one-nucleon ex-
change mechanism including the extra relativistic compo-
nents of the deuteron wave function or modification of its
ordinary pn component, but neglecting three-particle N— A
—N forces, are completely unjustified. Meanwhile, the
NE+A+SS model, whose parameters are most reliable near
the point where the A isobar goes off-shell, underestimates
the absolute value of the cross section by nearly a factor of 2
in this region. It can be stated cautiously that within the
6-quark model of the deuteron we have found indications of
a significant contribution from N*-isobar exchange to the
cross section for the process pd—dp in this energy range,
T,~0.7-1.2 GeV. At present it is not possible to include the
contribution of other, more exotic mechanisms at these ener-
gies.
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Rescatterings in the initial and final states are important.
The contribution of the NE mechanism to the pd—dp cross
section at 6., =180° is decreased by a factor of 2-3 by
rescatterings. We have demonstrated the following qualita-
tive effect: as the scattering angle deviates from the value
0.m.=180°, the relative role of the nucleon exchange
mechanism in the process p+d—d’'+p’ grows owing to the
decrease of the typical relative momenta at the d—p’'+n
and p+n—d’ vertices due to rescattering.

The clearest feature of the process pd—dp is its high
sensitivity to the parameters of the form factors at the
7(p)NN and w(p)NA vertices. Even with the present un-
certainty in the ratio of the contribution of neutron (including
rescattering effects) and N*-isobar exchange, the calcula-
tions described here allow us to state that the values of the
cutoff momenta A,~A,~1.3 GeV/c widely used in the
theory of the wNN system strongly contradict the available
experimental data on the cross section for backward pd scat-
tering in the range 0.5-1.0 GeV.

In the energy range 1-2 GeV, none of the mechanisms
considered using realistic deuteron wave functions can ac-
count for the absolute value of the experimental cross sec-
tion. For the NE mechanism the predictions for f,5(é.m.
=180°) sharply contradict the experimental data both in the
nonrelativistic approximation, and in all the relativistic ap-
proaches, and the inclusion of rescattering does not change
this conclusion. Regarding this, it should be noted that ac-
cording to the preliminary CEBAF data,’® the tensor polar-
ization t,y in elastic electron—deuteron scattering agrees
qualitatively with the impulse approximation and nonrelativ-
istic structure of the deuteron up to momentum transfer 1.35
GeV, corresponding to a typical relative momentum of the
nucleons in the deuteron of ~0.6 GeV/c. This shows that,
most likely, in the process pd—dp at energies 1-2 GeV the
main role is played not by deuteron structure effects, but by
mechanisms with N*-isobar excitation, similar to the A
mechanism. These mechanisms must be studied theoretically
Jjust as carefully as the A-resonance mechanism. However,
this is much more difficult owing to the limited information
available about the propertiecs of N* isobars. Like the A
mechanism, N*-isobar mechanisms should be rather weakly
sensitive to the high-momentum components of the deuteron
wave function, and so they are not particularly interesting
from the viewpoint of studying the relativistic structure of
the deuteron. However, they may give independent informa-
tion about the NN NN* amplitudes.

The author is grateful to V. A. Karmanov, A. P. Kobush-
kin, V. I. Komarov, L. A. Kondratyuk, V. I. Kukulin, F. M.
Lev, and V. G. Neudachin for discussions. This study was
carried out with the partial support of the Russian Fund for
Fundamental Research, Grant No. 96-02-17215.

YHowever, as yet there is no proof that this procedure should be viewed as
an exact method of constructing the electromagnetic current.

f we try to increase the p-meson contribution (while changing the
m-exchange parameters) in (30), it is not possible to describe the data on
the reaction pp—pnw* at T,=800 MeV.

3)Naturally, here a contradiction arises between the calculated and experi-
mental values of the deuteron quadrupole moment.
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Mt should be stressed that the calculations of Refs. 28 and 29 used the
version with the largest value of the oscillator parameter = 0.8 F, which
determines the nucleon size in the quark model and enters into the kernel
of the resonating-group method.” A more realistic value is
b=0.5—0.6 F, for which the effective number of nucleon isobars is about
a factor of three smaller.”® Therefore, the results of the calculations we
discuss should be viewed as an upper limit on the N*-exchange contribu-
tion.

9As the scattering angle 6., decreases from 100° to 0°, the contribution of
the NE mechanism including rescattering grows sharply, especially when
pp and pd rescatterings are also included, and approaches the value pre-
dicted by the Glauber—Sitenko theory. As shown in Sec. 3, this is a con-
sequence of the decrease of the arguments of the wave functions ¢di(Qi)

and ¢df(Qf) to zero, because at angles ., ~0° the momenta q and q’

transferred in the rescattering are parallel to the neutron and proton mo-
menta in the deuteron Q; and Q;, corresponding to the Bom approxima-
tion of one-nucleon exchange. However, from these results we cannot
make the seemingly attractive conclusion that the NE mechanism contrib-
utes significantly to forward elastic pd scattering, because the method used
here to include distortions is not applicable at scattering angles
0.m.~0°, just as the Glauber—Sitenko theory of multiple scattering is not

applicable at angles ~180°.
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